Among the numerous molecules that regulate T-cell function, the inhibitory receptor PD-1 and its 2 B7 family ligands, B7-H1(PD-L1) and B7-DC (PD-L2), seem to play important roles in microbial immunity, tumor immunity, and autoimmunity. 1-6 PD-1 contains a classic immunoreceptor tyrosine-based inhibitory motif (ITIM) and binds the phosphatase SHP-2. 7 PD-1 engagement has been shown to induce T cell apoptosis and to inhibit proliferative responses and cytokine release in vitro in response to TCR engagement. 8, 9 Definitive evidence that PD-1 represents an inhibitory receptor comes from analysis of PD-1 knockout mice, which develop strain-specific autoimmune syndromes later in life. 10, 11 The more delayed and tissue-specific autoimmune phenotypes of PD-1 knockout mice contrast markedly with the multiorgan autoimmunity observed within the first few weeks of birth for CTLA-4 knockout mice. [12] [13] [14] These findings support the notion that PD-1 is part of a system that fine-tunes immune responses, in contrast to the "on-off switch" mediated by the B7-1/B7-2-CD28/CTLA-4 system. Most of the inhibitory roles of PD-1 on T-cell responses have been attributed to its interaction with B7-H1. In vivo, B7-H1:PD-1 interactions have been documented to inhibit T-cell-effector responses to both tumors as well as to normal peripheral tissues. It is highly likely that the up-regulation of B7-H1 by tumors that serves to protect them from immune attack is a reflection of the normal expression of B7-H1 within peripheral tissues that represents a natural mechanism for regulating tissue injury by effector T cells. B7-H1 is expressed constitutively on subsets of macrophages, B cells, and thymocytes as well as certain nonhematopoietic cells within many organs. 1, 15 This PD1 ligand is inducible on dendritic cells and all lymphocytes, as well as endothelial cells, epithelial cells, myocytes, and mesenchymal cells. 1,15 B7-H1 plays a well-documented role in down-modulating T-cell responsesparticularly CD8 responses-within the liver, where it is expressed on cells lining the sinusoids. 16 B7-H1 knockout mice display decreased apoptosis of intrahepatic CD8 cells as well as enhanced CD8 responses within the liver after infections with microbes such as adenovirus and Listeria monocytogenes. 16, 17 The role of B7-H1: PD-1 interactions extends beyond the liver. For example, autoimmune diabetes is exacerbated in diabetes-prone mouse strains crossed onto a B7-H1-null background. 18 Further evidence for the role of the B7-H1:PD-1 interaction in effector T-cell responses has come from recent studies demonstrating that "exhausted" CD8 cells from mice chronically infected with the clone 13 strain of LCMV express high levels of PD-1. 6 This inactivated functional phenotype can be reversed in mice treated with blocking antibodies to B7-H1, emphasizing the important role of the B7-H1:PD-1 interaction in down-modulating effector immune responses. To date, however, the earliest point at which a role for B7-H1/PD-1 in the CD8 T cell response has been examined is 7 days, 19 at which time priming is completed and effector function has been acquired.
Introduction
Among the numerous molecules that regulate T-cell function, the inhibitory receptor PD-1 and its 2 B7 family ligands, B7-H1(PD-L1) and B7-DC (PD-L2), seem to play important roles in microbial immunity, tumor immunity, and autoimmunity. [1] [2] [3] [4] [5] [6] PD-1 contains a classic immunoreceptor tyrosine-based inhibitory motif (ITIM) and binds the phosphatase SHP-2. 7 PD-1 engagement has been shown to induce T cell apoptosis and to inhibit proliferative responses and cytokine release in vitro in response to TCR engagement. 8, 9 Definitive evidence that PD-1 represents an inhibitory receptor comes from analysis of PD-1 knockout mice, which develop strain-specific autoimmune syndromes later in life. 10, 11 The more delayed and tissue-specific autoimmune phenotypes of PD-1 knockout mice contrast markedly with the multiorgan autoimmunity observed within the first few weeks of birth for CTLA-4 knockout mice. [12] [13] [14] These findings support the notion that PD-1 is part of a system that fine-tunes immune responses, in contrast to the "on-off switch" mediated by the B7-1/B7-2-CD28/CTLA-4 system. Most of the inhibitory roles of PD-1 on T-cell responses have been attributed to its interaction with B7-H1. In vivo, B7-H1:PD-1 interactions have been documented to inhibit T-cell-effector responses to both tumors as well as to normal peripheral tissues. It is highly likely that the up-regulation of B7-H1 by tumors that serves to protect them from immune attack is a reflection of the normal expression of B7-H1 within peripheral tissues that represents a natural mechanism for regulating tissue injury by effector T cells. B7-H1 is expressed constitutively on subsets of macrophages, B cells, and thymocytes as well as certain nonhematopoietic cells within many organs. 1, 15 This PD1 ligand is inducible on dendritic cells and all lymphocytes, as well as endothelial cells, epithelial cells, myocytes, and mesenchymal cells. 1, 15 B7-H1 plays a well-documented role in down-modulating T-cell responsesparticularly CD8 responses-within the liver, where it is expressed on cells lining the sinusoids. 16 B7-H1 knockout mice display decreased apoptosis of intrahepatic CD8 cells as well as enhanced CD8 responses within the liver after infections with microbes such as adenovirus and Listeria monocytogenes. 16, 17 The role of B7-H1: PD-1 interactions extends beyond the liver. For example, autoimmune diabetes is exacerbated in diabetes-prone mouse strains crossed onto a B7-H1-null background. 18 Further evidence for the role of the B7-H1:PD-1 interaction in effector T-cell responses has come from recent studies demonstrating that "exhausted" CD8 cells from mice chronically infected with the clone 13 strain of LCMV express high levels of PD-1. 6 This inactivated functional phenotype can be reversed in mice treated with blocking antibodies to B7-H1, emphasizing the important role of the B7-H1:PD-1 interaction in down-modulating effector immune responses. To date, however, the earliest point at which a role for B7-H1/PD-1 in the CD8 T cell response has been examined is 7 days, 19 at which time priming is completed and effector function has been acquired.
Thus, we sought to determine whether PD-1 interactions play a role in the earliest stages of antigen encounter by using an adoptive transfer system in which carboxyfluoroscein succinimidyl ester (CFSE)-labeled naive hemagglutinin (HA)-specific CD8 T cells (from clone 4 TCR transgenic mice) were adoptively transferred either into transgenic mice expressing HA as a self-antigen (C3-HA) 20 or into wild-type (WT) mice infected with an HA expressing Listeria monocytogenes (LM-HA). This approach allows us to monitor events from the time of initial antigen encounter using the same T cells responding to a single major histocompatibility complex class I restricted HA epitope as a self-antigen or a microbial antigen. We have produced and characterized 2 strains of self-HA expressing transgenic mice that express either low (termed C3-HA low ) or high (termed C3-HA high ) levels of HA in pulmonary epithelial cells as well as other epithelial compartments including prostate, salivary gland, kidney, and heart. 20 The C3-HA high strain expresses roughly 1000-fold more antigen than the C3-HA low strain, although the pattern of HA expression is similar between the 2 strains. Adoptive transfer of clonotypic CD8 T cells from the TCR transgenic to antigen-expressing donor mice results in profound functional tolerance 21, 22 similar to that observed in a number of other well established models of self-tolerance. [23] [24] [25] [26] Materials and methods Mice B10.d2 mice were purchased from The Jackson Laboratory (Bar Harbor, ME). C3-HA low , C3-HA high , B7-DC knockout, and B7-H1 knockout mice have been described previously. 17, 20, 27, 28 Thy1.1, HA-specific clone 4 mice 29 were bred and maintained on a B10.d2 background at The Johns Hopkins University (Baltimore, MD). Mouse care and experimental procedures were carried out in accordance with the Institutional Animal Care and Use Committee (IACUC) of The Johns Hopkins University.
Antibodies and experimental infections
Anti-PD-1 (clone G4), anti-B7-H1 (clone 10B5), and anti-B7-DC (Ty 25) were described previously. 4, 17, 30 Mice received an intraperitoneal injection of 100 g of antibody on day 0, and also on day 4 for experiments that lasted 7 to 9 days. For cytolytic T lymphocyte (CTL) experiments, clone 4 T cells were activated by I.V. coinjection of 10 7 colony-forming units (cfu) of recombinant L monocytogenes into B10.d2 recipients. L monocytogenes mutant strains engineered to express the influenza HA class I epitope IYSTVASSL (LM-HA) used in this study were obtained from Cerus (San Francisco, CA). L monocytogenes-HA (LM-actA INIB uvr PPL2-) was derived from wild-type L monocytogenes strain 10403S and contains in-frame deletions in the actA, INIB, uvr, and PPL2 genes, respectively. LM-HA was grown in brain-heart infusion medium (Difco Laboratories, Detroit, MI). Bacteria for animal studies were harvested at mid-log phase of growth, purified by standard methods, formulated in phosphate-buffered sodium chloride solution (PBS)/8% dimethyl sulfoxide at a concentration of Ͻ 1 ϫ 10 10 cfu/mL and stored at Ϫ80°C. For injection, bacteria were thawed on ice and diluted in PBS to 1 ϫ 10 7 cfu per mouse in a volume of 200 L corresponding to 0.1 median lethality (0.1 ϫ LD 50 ).
Flow cytometry
Recipient mice were injected intravenously with 2 ϫ 10 6 clone 4 T cells. Spleen, lymph nodes, and lungs were harvested on the indicated day and stained for CD8␣, Thy1.1 (BD Biosciences, San Jose, CA) and PD-1 (eBioscience, San Diego, CA). Cytokine production was measured by stimulating single-cell suspensions with the HA class I K d peptide IYSTVASSL (1.0 g/mL) in the presence of GolgiPlug (BD Biosciences) and staining intracellularly for interferon-␥ (IFN-␥). PD-1 signaling was blocked in vitro by the addition of a cocktail of anti-PD-1, anti-B7-H1, and anti-B7-DC (each at 30 g/mL) during peptide stimulation, after which standard intracellular cytokine staining was performed according to the manufacturer's instructions (BD Biosciences). Statistical differences between antibody treatment groups were detected with 2-way analysis of variance (ANOVA) with Bonferroni post-test ( Figure 1C 
Survival experiments
C3-HA high mice were injected intravenously with 2 ϫ 10 6 clone 4 T cells. Body weights were measured on days 2, 4, 6, and 9. Mice were killed when they lost 20% of their original body weight, in accordance with the IACUC of The Johns Hopkins University. On day 9 after transfer, mice were anesthetized with 2,2,2-tribromoethanol (Avertin) and exsanguinated to remove peripheral blood lymphocytes from the lungs. Lungs were incubated with Liberase Blendzyme 2 (Roche, Indianapolis, IN) for 40 minutes at 37°C, and then single-cell suspensions were filtered and stained for CD8, Thy1.1, and PD-1 as above. Lung H&E stains were carried out on 8.0-m sections from animals on day 9 after transfer, inflated with agarose, and fixed in 10% paraformaldehyde as described previously. 31 Slides were viewed with a Nikon (Melville, NY) Eclipse E600 microscope at 0.70 (20ϫ) at room temperature. Images were captured using a 
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Nikon digital camera and ACT1 software (Jave, Sun Microsystems Inc., Santa Clara, CA) and were processed with the Canvas 9 program (ACD Systems, Victoria, BC).
In vivo CTL
In experiments using B7-H1 and B7-DC knockout target cells, B7-H1 knockout (KO) targets were labeled with 0.25 mol/L CFSE and loaded with HA class I peptide. B7-DC KO targets were labeled with 2.5 mol/L CFSE and loaded with HA peptide. WT peptide-pulsed targets were labeled with 0.05 mol/L CFSE. Peptide loading was accomplished via a 2-hour incubation at 37°C with 2 mol/L HA class I peptide. The WT no-peptide control was labeled with 2 mol/L PKH26. PKH26 labeling was performed according to manufacturer's instructions. Specific killing was calculated as described previously. 32 
In vitro CTL
One million (1 ϫ 10 6 ) clonotypic cells were transferred to C3-HA low or B10.D2 mice, and animals were treated with blocking antibody, isotype control, or LM-HA as described above. On day 4 after transfer, animals were euthanized, and clonotypic cells were recovered by fluorescenceactivated cell sorting (FACS) using antibodies to Thy1.1 and CD8. For targets, WT splenocytes were loaded with HA peptide (2 g/mL) for 2 hours at 37°C and then labeled with 2 mol/L PKH26 and 4 mol/L CFSE according to the manufacturer's instructions (Sigma, St Louis, MO). Target cells were plated at 5 ϫ 10 3 cells per well, and clonotypic CTL was added at the indicated ratios. After 4 hours at 37°C, lysis was calculated as described previously. 33 Figure 1 shows that PD-1 up-regulation on HA-specific CD8 T cells occurs rapidly upon self-antigen encounter in vivo and is highly dependent on the context of antigen recognition. Upon transfer into C3-HA low and C3-HA high mice, robust PD-1 expression is observed by the first cell division (generally first seen beginning on day 1 after transfer) and reaches maximal levels by the second division ( Figure 1A,B) . Virtually identical patterns of early PD-1 expression were observed upon transfer into C3-HA low and C3-HA high mice ( Figure 1B) , indicating that increased PD-1 expression was not dependent on relative antigen levels. In striking contrast, there was virtually no PD-1 expression on HA-specific CD8 T cells over the initial 7-day expansion phase in response to LM-HA infection, demonstrating that PD-1 expression upon antigen encounter was either suppressed in the context of this bacterial infection or selectively induced in the context of recognition of self-antigen. Comparison of the CFSE dilution profile indicates a similar kinetics and number of antigen-specific cell divisions in the C3-HA versus LM-HA context. Despite the high number of cell divisions, there was virtually no increase in absolute cell number in the C3-HA mice, whereas HA-specific CD8 T cells have expanded Ͻ 100-fold in response to HA expressed as a bacterial antigen in LM-HA-infected mice ( Figure 1C ). Given the documented capacity of PD-1 signaling to induce T cell apoptosis, 15 we hypothesized that differential PD-1 expression between C3-HA and LM-HA contributed to the restricted expansion of HAspecific CD8 T cells in the context of self-antigen recognition. This was explored by administering blocking anti-PD-1 and anti-B7-H1 antibodies into C3-HA low mice at the time of clone 4 transfer. Indeed, blockade of either PD-1 or B7-H1 resulted in increased numbers of HA-specific CD8 T cells on day 4 ( Figure  1D ) (albeit not to levels observed in LM-HA-infected mice), indicating that B7-H1/PD-1 interactions indeed restrict the overall expansion of self-antigen-specific T cells immediately after initial antigen encounter.
Results

PD-1 was differentially induced on specific CD8 T cells responding to self-antigen versus microbial antigen
PD-1 blockade at the time of antigen recognition rendered specific T cells competent to produce effector cytokines
Having demonstrated a role for PD-1 in limiting T cell expansion in response to self-antigen, we further explored its role in the early functional decision between tolerance induction upon recognition of self-antigen versus acquisition of effector function, as typically occurs in response to microbial infection. We first evaluated the capacity to produce IFN-␥ using an intracellular cytokine staining assay (ICS). This assay is performed by briefly stimulating T cells in vitro with cognate peptide followed by permeabilization and antibody staining. Figure 2A (top panels) shows that although naive HA-specific CD8 T cells produced small amounts of IFN-␥ after in vitro stimulation, HA-specific CD8 T cells isolated from C3-HA low mice failed to produce appreciable IFN-␥. Identical results are observed upon transfer into C3-HA high mice (data not shown). In contrast, HA-specific CD8 T cells from LM-HA vaccinated wild-type mice developed a potent capacity to produce IFN-␥ after the in vitro peptide stimulation (Figure 2A, top) . To determine a causal relationship between PD-1 expression and anergy induction, we treated C3-HA low mice with antibodies to PD-1 and B7-H1 at the time of clone 4 transfer and tested them 7 days later for the capacity to produce IFN-␥ upon in vitro stimulation ( Figure 2B,C) . Treatment of mice with either anti-PD-1 or anti-B7-H1 antibodies resulted in antigen-specific CD8 T cells (clone 4) that were capable of making significant IFN-␥. The increased cytokine production could have been due to the presence of residual blocking antibody during the in vitro stimulation phase of the ICS assay rather than true reversal of tolerance induction upon self-antigen encounter in vivo. This is unlikely because the inclusion of saturating quantities of anti-PD1, anti-B7-H1, and anti-B7-DC blocking antibodies during the in vitro stimulation phase of the ICS did not result in IFN-␥ production by clone 4 cells isolated from C3-HA mice not treated with antibodies in vivo (Figure 2A, bottom panels) . These data suggest that inhibition of PD-1 signaling in vivo at the time of initial antigen encounter did not simply act to alter the function of tolerized T cells but instead fundamentally altered the fate decisions of self-specific CD8 T cells.
Blocking PD-1 or B7-H1 at the time of antigen encounter resulted in the development of functional self-antigen-specific CTL
The definitive functional characteristic of an effector CD8 T cell is cytolytic (CTL) activity. To assess development of functional CTL activity in CD8 T cells encountering antigen in the context of self-antigen versus microbial antigen infection, we measured direct killing with an in vivo CTL assay in which differentially CFSE-labeled pools of syngeneic splenocyte targets that are either unloaded (negative control) or loaded with cognate class I HA peptide are injected into LM-HA-infected or C3-HA low mice that had been adoptively transferred with HA-specific clone 4 CD8 T cells. In vivo CTL activity is measured by the selective loss of the HA-loaded targets after 15 hours' residence in the animal, as measured by flow cytometry. HA-specific CD8 T cells transferred into C3-HA low mice and treated with isotype control antibody became tolerized and showed no in vivo CTL activity ( Figure 3A , "Isotype"). In contrast, LM-HA-infected wild-type mice demonstrated virtually complete killing of HA-loaded targets, indicative of differentiation of HA-specific CD8 T cells into competent CTL. Blockade of PD-1 signaling in the C3-HA mice with either anti-PD-1 or anti-B7-H1 resulted in significant target killing, indicating the presence of HA-specific CTLs in those mice. The effect of in vivo anti-B7-H1 treatment was much more pronounced than anti-PD1 treatment, restoring CTL activity in C3-HA mice to levels comparable with that of LM-HA infected mice. This result could simply reflect a more potent blocking activity of the anti-B7-H1 antibody, although additional biologic mechanisms cannot be ruled out. Treatment of C3-HA mice with anti-B7-DC antibodies did not restore CTL activity. Thus, the decision between CD8 tolerance and effector CTL activity was dependent on early engagement of PD-1 by B7-H1 but not B7-DC. An alternative explanation for these results is that PD-1/B7-H1 blockade in C3-HA mice modified the capacity of tolerant CD8 cells to kill B7-H1 (or B7-DC) expressing targets rather than truly reversing the tolerance decision. To test this possibility, C3-HA mice were simultaneously challenged with HA peptide-loaded syngeneic B7-H1 knockout or B7-DC knockout splenocyte targets. The knockout target cells were distinguished from the wild-type peptide loaded targets by differential labeling with a third concentration of CFSE and by labeling with a second dye, PKH26. This in vivo CTL system allowed us to simultaneously monitor (within the
animal) in vivo killing of wild-type targets versus targets that did not express PD-1 ligands. Figure 3A shows that in vivo killing of the HA peptide-loaded PD-1 ligand knockout targets was essentially identical to wild-type targets, indicating that the effects of B7-H1 and PD-1 antibody blockade reflected a true reversal of tolerance rather than differential killing activity of tolerized T cells. These in vivo differences in lysis could reflect either a greater number of effector CTLs ( Figure 2C ) or could also be explained by a more potent effector cell function on a per-cell basis. To distinguish between these 2 possibilities, we performed an ex vivo CTL assay, by FACS of clonotypic effector cells from C3-HA low mice treated with PD-1 or B7-H1 blocking antibodies at the time of adoptive transfer. These data show that PD-1 or B7-H1 blockade results in a relative increase in effector function on a per-cell basis, supporting the notion that blockade of the PD-1/B7-H1 interaction alters the early fate decision of CD8 T cells ( Figure 3B ).
Blocking PD-1 or B7-H1 at the time of antigen encounter resulted in autoimmunity
The physiologic consequence of inducing self-antigen-specific T cells to develop into CTLs instead of becoming tolerized would be autoimmunity. We therefore determined whether blockade of PD-1:B7-H1 interactions in C3-HA mice induced autoimmunity as measured by T cell traffic and tissue injury at sites of high antigen expression. We focused on the lung because pulmonary epithelium expresses the highest levels of HA in both strains of C3-HA mice. Neither C3-HA high nor C3-HA low mice exhibited any evidence of autoimmune pulmonary disease after transfer of clone 4 CD8 T cells ( Figure 4D ; data not shown), reflective of the tolerance induction that occurs. However, when adoptive T cell transfer was combined with simultaneous treatment using antibodies to PD-1 or B7-H1, rapid weight loss ensued ( Figure 4B ). This weight loss was mild and variable among C3-HA low mice but was consistent among C3-HA high mice, probably because of the 1000-fold higher levels of HA expression in the C3-HA high strain. As was the case with the in vivo CTL results, anti-B7-H1 antibodies had a more pronounced effect than anti-PD-1 antibodies. These mice dramatically lost weight and either expired or were killed when they lost Ͻ 20% of their weight ( Figure 4A,B) . Weight loss and fatality correlated with a significant lymphocytic infiltrate in the lungs of mice receiving PD-1 blockade and a striking disruption to the normal epithelial architecture of the lung (Figure 4C,D) . Increased infiltration of clone 4 cells into C3-HA low lungs was also observed with anti-B7-H1 antibody treatment but to a lesser extent than in C3-HA high lungs (data not shown).
Discussion
Taken together, our findings define a novel and early role for the PD-1/PD-1 ligand system apart from the well-documented downmodulation of effector responses in tumors and peripheral tissues. Our data show that PD-1 expression in response to antigen encounter is highly context-dependent with rapid and robust up-regulation upon self-antigen encounter and little up-regulation upon antigen encounter in the setting of microbial infection. We further show that PD-1 signaling via B7-H1/PD-1 interactions upon initial encounter of self-antigen contributes significantly to the early fate decisions of CD8 T cells between tolerance induction versus CTL generation. Although an earlier study using PD-1 knockout mice suggested mitigation of tolerance by transgenic expression of antigen in endogenous DCs, functional analysis was not performed until 7 days after antigen induction; thus, neither PD-1 expression nor its role in early fate decisions (as opposed to later effects due to continued antigen exposure) was reported. 19 Several of our experiments are particularly important in isolating the effects of PD-1 blockade to the priming, rather than to the effector phase, of CD8 T cell function. First, we showed that later blockade of PD-1 (during an in vitro stimulation assay) does not result in an acquisition of the ability to produce IFN-␥ in antigen-specific CD8 T cells that were tolerized in vivo. We also tested a potential role for PD-1 interactions during the effector phase of a CTL response by performing an in vivo CTL assay with B7-H1 and B7-DC knockout targets (Figure 3a ). In all conditions tested, lysis of these targets was indistinguishable from that of wild-type targets, providing strong in vivo support for the hypothesis that PD-1 blockade is critically important during the priming phase of a CD8 T cell effector response. These data were further strengthened by experiments using sorted cells in an ex-vivo CTL, which show that these changes in effector function are manifested on a cell-by-cell basis and are not simply a reflection of an expansion in the effector cell pool. These data contrast somewhat with those recently reported by Barber et al 6 who showed that PD-1 was relatively upregulated on antigen-specific CD8 T cells in mice chronically infected with LCMV (clone 13), and that later B7-H1 blockade could partially restore effector function in these animals. These differences may stem in part from the observation that PD-1 is up-regulated at a later time point in these animals compared with our self-antigen system, in which PD-1 is up-regulated as early as the first CD8 T cell division. Although PD-1 expression followed a near "all-or-none" pattern for LM-HA infected versus C3-HA mice, respectively, it is likely that intermediate patterns of short-term PD-1 expression will be observed under different circumstances of in vivo antigen encounter. We hypothesize that proinflammatory signals associated with microbial infection suppress PD-1 expression on CD8 T cells encountering antigen. The absence of these signals in the context of self-antigen encounter would allow for rapid PD-1 up-regulation. PD-1 signaling would then contribute to the restriction in T cell expansion and to anergy induction. An alternative notion is that "tolerizing" DCs presenting selfantigen induces a tolerance-promoting milieu that actively induces PD-1 up-regulation on self-antigen-specific T cells. It is clear that determining which signals in the tissue microenvironment and/or in the inflammatory milieu are responsible for the magnitude and timing of PD-1 expression on CD8 T cells will be critical in understanding the role of the PD-1/PD-1 ligand system in CD8 T-cell tolerance to self-antigens, viral antigens, or tumor antigens. However, our data demonstrating a very early role for PD-1 in CD8 T cell fate determination suggest the blockade of this axis early in T-cell encounter may be relevant in immunotherapy for cancer, infectious disease, or autoimmunity.
